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Investigation of Dense Cesium Laser Plasma 
J. Y AMADA， O. LANDEN， R. WINFIELD and D.D. BURGESS 
高密度セシウムレーザプラズマの研究
山田喜， O. Landen， R. Winfield and D.D. Burgess 
A dense Cs vapour is irradiated by a tunable dye laser with the maximum power of 500 KW 
and the half width of 20 ns， and ionization mechanisms of the laser induced Cs plasma are 
investigated. An initial electron is produced by laser absorptions of the Cs molecular. At the high 
Cs number density， enough number of the Cs(6P) atoms are excited by electron collisions. If the 
dye laser is tuned to the atomic transition of 6P← 9S， the Cs(6P) excited atom absorbs the further 
laser photon and is ionized. At the low Cs density， two.photon inoization is a main ionization 
process. 
S 1園 Introduction
Recently， a strongly coupled non.Debye plaslηa， 
relevant to the conditions in inertial confinement 
fusion schemes or stellar interiors has be巴na subject 
of great interest. It is important to find such a source 
of strongly coupled plasma suitable for precise 
quantitative spectroscopic study. A dense， cold non-
Debye metal vapour plasma can be e伍cientlyobtain 
ed by the irradiation of the resonance tunable dye 
laser with the relatively lower power. Before the 
derivations of the non ideal plasma from Random 
Phase Approximation behaviour are confirmed， the 
study on the ionization mechanism of such a plasma 
is important， or the mechanism itself is also of 
interest in its own right. A number of theoretical 
explanations of the ionization mechanism hav巴been
proposed which at present remain in competition and 
at variance with each other. These proc巴ssεscan be 
separated into three categories: Super-Elastic 
Electron Production11， Multi-Photon Ionization2) and 
Associative Ionization.3) 
In order to make it clear， we have carried out some 
experiments on the ionization mechanism， inwhich a 
Cs vapour with the atomic density of 1016~ 1017 cm-3 
was irradiated by a tunable dye laser with the output 
energy of 10 mJ and the half width of 20 ns 
S 2. Experiments 
The experimental arrangement is shown in Fig. 1. 
A N d glass laser system manufactured by J. K Laser 
(System 2000) was used to pump a tunable dye laser 
Second harmonic of the glass laser is obtained by 
frequency doubling in non-linear KDP crystal. The 
dye laser consists of an oscillator and two amplifiers 
The oscillator has a cavity with two 100% reflecting 
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Fig.l Experimental arrangement 
mirrors and a grating with 1800 lines/mm. The laser 
radiation is further spectrally filtered by passage 
through a prism followed by focussing onto a pinhole 
aperture. A maximum power of 500 KW in a puls巴
with the half width of 20 ns over 2 mm2 is achieved 
The output light of the dye laser is focussed on a Cs 
glass cell by a lens with focallength of 20 cm. The Cs 
glass cell made of a pyrex glass is a heat-pipe one 
with four windows. The diameter of the glass cell is 
16 mm 1> and the length is 150mm. A fine copper mesh 
is inserted in it. The central part of the cell is heated 
by a ribbon heater and the end parts are cooled by the 
circulation of water 
The fluorescence at the right angle is focussed on a 
slit of a Bentham spectrometer. The spectrally 
dispersed light is collected by a photomultiplier (RCA 
7265)ーThetransmitted laser light is observed by a 
PIN photodiode with the risetime of 1 ns 
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Fig.2 Absorption versus laser intensity; 
Nc，= 2 x 1017cm-3 
9 3.Experimental R曲目ltsand Discussions 
At first， we observed the transmitted laser light to 
get som巴 informationof the early stage of the 
ionization during the las巴rpulse. The results were in 
strong COntrast to those reported by Tam and 
Happer4) in which cw dye laser was used. They 
reported a sudden attenuation jump in the trans-
mitted laser light as the Cs atomic density was 
increased around 1017 cm-3， and that the transmitted 
laser light decreased with increasing the laser power 
We in contrast observed no sudden change in the 
percentage of the transmitted laser light as the Cs 
atomic density was increased. The absorption 
through the Cs vapour was always very weak and 
was lower than the experimental error due mainly to 
shot-to-shot variation. The wavelength of our dye 
laser was around 6354 A corresponding to thεCs 
atomic transition 6P1/2 - 9S1/2. We fine-tuned the laser 
around the line center over a range of about 0.1 A， but 
obtained the same result. 
The absorption of an incoherent light using a white 
light bulb was then observed and was 20%以 theCs 
density of 2 x 1017 cm-3• The conclusion therefore is 
that the intensity of our laser was sufficient that the 
absorption must be saturated. The intensity depen手
dence of the absorption was then observed in more 
detail. To reduce the experimental error due to the 
shot-to-shot variation， the incident laser intensity was 
simultaneously monitored and the transmitted light 
was normalized to the incident intensity. The experi-
mental results averaged ov巴r4 or 6 shots are shown in 
Fig. 2， where “On resonance" means th巴dyelaser is 
tuned to the line center within :t 0.1 A and “o任
resonance" + 3.5A apart from the line center. The 
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Fig.3 Tuning effect in fluorescenc巴 6P312-7Dsl2; 
(a) Nc，士1016， (b) Nc，= 2 X 1016， 
(c) Nc，= 5 X 1016 and (ct) Nc，ニ1017cm-3
absorption increases with decrease of laser intensity， 
which is opposite to the result observed using cw 
laser. At the lower intensity limit， our results tend 
towards that observed using the incoherent light 
At自rst，the laser light might be absorbed by the Cs 
molecular dimer， but the laser light is so intense that 
almost al the Cs molecules should be excited. With 
the assumption that the laser pulse is a triangular one 
with a half-width of 20 ns， that the Cs molecular 
density is 3.2 X 1015 cm-3 and that the molecular 
absorption is 20% which is reasonable because the 
absorption cross section of the CS2 is 0.63 A 2 at 
6354 A 5)， al the molecules should be excited within 2 
nS at the laser intensity of 4 x 107 W!cm'-The energy 
necessary to excit巴althe molecules is only 0.2% of 
the input laser energy. The CS2 ground state is excited 
to a repulsiv巴 CS2本 state，which dissociates and 
produces Cs (6p) atom either directly or via atomic 
cascades. The Cs (6p) excited atoms should then 
absorb further laser light On resonance. The absorp-
tion on reSOnance is observed to be about 2 times 
larger than that 0妊resOnanc巴
Next， we looked for any pronounced reSOnance 
effect， by tuning very closely to the line center of 6P1/2 
9S1/2. Tam and Happer reported having to fine tune 
within土0.2cm-1 to produce a plasma using a cw 
laser. We did not find any large resonance effect in the 
electron density under the same conditions as shown 
later， but we did find a strong resonance effect in the 
fluorescence signal. For On resonance， the large spike 
in the fl uorescence si伊 al is found at the high 
pressure. Stray scattered laser light was eliminated as 
a possibl巴 explanation. After making efforts to 
eliminate any stray light， such a spike was not 
obtained at the line wing or at a wavelength between 
lines but remained at the line center. The time at 
which the fluorescence signal reaches a maximum， 
coincides with the peak of the laser pulse at the high 
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Fig.4 Tuning effect in fluorescence 6P3ノ2-9S1I2，
(a) Nc，ニ1016，(b) Nc， = 5 X1016， 
(c) Nc，=1017 and (d) Nc，= 2 x 1017crn-3 
pressure， while it is about 10 ns later at the low 
pressure 
The peak values of the fluoresc巴nce6P3/2 ー 7D5/2
are plotted against the wavelength of the dye laser in 
Fig. 3. N 0 significant di百巴rencein the half-width of 
the tuning curve was found， when the Cs density was 
increased. The ratio of the fluorescence peak on 
resonance to 0妊resonanceslightly increases as the Cs 
density increases， reaching about a factor of 3 at the 
Cs density of 1017 cm-'. The ratio in other lines is of 
roughly the same magnitude except that for 6P3/2 
9S山 (6586A)， which represents th巴 9Sl/2excited 
population. The tuning curve for 6P3/2 - 9Sl/2 is 
shown in Fig. 4. The ratio is largest and is about 8 at 
the Cs number density of 1017 cm-'. This establishes 
that the laser is really tuned to the line center of 6Pl/2 
-9S山 andthat the fluorescence is indeed due simply 
to the 6P excited atoms absorbing th巴laserlight and 
b巴ingexcited to the 9S state 
If it is assumed that al the Cs molecules ar巴
excited， dissociate and produce the Cs (6P) atoms， the 
attenuation lenght for 6354 A (oscillator strength is 
7 X 10-3)6 is less than 0.6 mm at th巴CS2density of 3.2 x 
1015 cm-3. These Cs (6P) atoms absorbs the laser light 
and are巴xcitedto 9S state within 1ロsat the laser 
intensity of 4 x 107 W /cm2 
The decay time constant of the fluorescenc巴spikeis 
of the same order as the length of the laser pulse at 
the high pressure， while it becomes longer with 
decreasing the Cs number density. The decay time 
constant versus the Cs number density is shown in 
Fig. 5， where the observed decay time constant has 
the decay of the laser pulse subtracted because th巴
latter is about 15 ns and cannot be neglected. The 
experimental values almost lie on a straight line of 
the slope -1， and thus suggest that collisional de 
excitation causes the fast decay in the fluorescenc巴
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Fig.5 R巴laxationtime in spike of fluoresc巴nce
5D512-5F512; 1=4.lx107W/crn2 
spike. 1n fact， the decay time constant by the electron 
collision de-excitation is 50 ns at the Cs density of 10日
cm-3 using the de-excitation rate of l.0 x 10-7 c' cm3 7) 
(Te=0.2 eV); while the time constant by the sponta-
neous emission is 10-6 s.Hence the strong population 
inversion on the 9S state quickly relaxes to other 
states 
On the other hand， as the ionization巴nergyof the 
9S state is 0.55 eV， the ionization frequency of the 9S 
atom by the electron collision巴itherdirectly or via 
cascades through the higher excited states is very 
high. In fact， itis 109 s-' 8) at the 9S population of 3 
2 X 1015 cm-3• 
We observed a line shape of the atomic fluorescence 
and hence巴stimatedthe electron density from the 
Stark broadening of 5D5/2 - 5F5/2 transition. The time 
history of the observed electron density is shown in 
Fig. 6. At the time of th巴 peakin the fluorescence 
signal， most of the electrons have not yet been 
produced. The electron density reaches a maximum 
roughly at the terrnination of the las巴rpulse. The 
electron density at the spike is of the order of the Cs 
molecular density at most， and has only a weak laser 
intensity dependence. Since the pulse width of the 
las巴ris shorter than the inverse of the electron 
collisional excitation frequency from 6S to 6P at the 
low Cs density， enough Cs (6P) atoms are not 
produced by the electron collisions for a large 
resonance e妊ect in the electron density to be 
expected. However， the excitation time from 6S to 6P 
becomes comparable to the laser pulse width at the 
higher Cs density of 10'7 cm-3 as the collisional 
excitation rate is then estimated to be l.2 x 10-9 c' 
cm-3 at Te=0.2 evn 
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Fig.6 Time history in巴lectrondensity; 
Nc，= 2 x 1017cm-3 
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Fig.7 Electron density versus Cs number density 
The electron density at the termination of the laser 
pulse is plott巴dagainst the Cs density for both on and 
o任 resonanceillumination in Fig. 7. The electron 
density 0百resonanceis proportional to the Cs density 
while the increment of the electron density on 
resonance increases at the higher Cs density above 
1017 cm-3 because a lot of the Cs (6P) atoms are 
produced by electron collisional excitation from the 
ground state. At the low Cs density， the di百巴renceof 
the electron density between on and 0狂 resonance
illumination seems to beεqual to the Cs molecular 
density. 
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Fig.9 Wav巴lengthdepend巴nceon electron d巴nsity
The laser intensity dependence of the electron. 
density is shown in Fig. 8 at the Cs density of 2 x 1017 
cm-'. For on resonance illumination， the electron 
density is roughly proportional to the laser intensity 
at the high intensity. However， itseems that at the 
low intensity there is a lower limit equal to the 
molecular density. It must of course decrease below 
the molecular density at the very low intensities 
For of resonance illumination， the experimental 
values of the electron density lie on a straight line of 
the slope 2. This clearly means that two.photon 
ionization plays a deminant role for of resonance 
But， the electron density calculated from the Bebb 
two.photon ionization probability2) is less than the 
observed one， although the intensity of our laser far 
Investigation of Dense Cesium Laser Plasma 31 
Table.l Two-photon ionization probabilityω ， 
absorption cross section for CS2 11 and 
巴l巴ctrontemperature T， 
W肝伽gthl
6350λ 
5300λ 
αJ 
7 X 10-49 F2 
1 X 10-49 F2 
Te 
0.2 eV 
0.8 巴V
exceeded the two-photon ionization threshold inten-
sity9) The Cs molecul巴sor atomic excited levels may 
cause such a discrepancy 
The d巴pendenceof th巴 electrondensity on the 
wavelength of the dy巴 laseris shown in Fig. 9. A 
strong wavelength dependence is not found except 
around the atomic resonance 6354 A. A significant 
ionization is stil produced even at the long巴rwave-
length beyond the two-photon ionization thresh-
old， though the electron density decreases as the 
wavelength increases 
This is reasonably explained by an ionization 
potential depression due to the average plasma 
electric日巳ld.The depressed ionization potential is 
estimated to be 0.02巴VlO)for the electron density of 
2 X 1015 cm-'. It corresponds with the two-photon 
ionization threshold wavelength of 6400 A， which 
agrees with the observed one. 
We tri巴dto produce a plasma using a green laser 
light， second harmonic of a glass laser (5300 A)， at 
which the absorption cross section of the CS2 has a 
window in the absorption band. The intensity needed 
to produce a plasma with comparable electron 
density was found to be about 3 times higher for the 
green laser than that for the red laser. The two 
photon ionization probabilityωand the absorption 
cross section a for red and green laser are shown in 
Table 1 
The absorption cross section for red laser light is 63 
times larger than that for green laser light， while the 
two-photon ionization probability is only 7 times 
larger for the same photon flux. If the Cs molecular 
plays an important role in the ionization mechanism， 
the green laser should be far less e伍cient at 
producing ionization. The electron temperature 
experimentally obsεrved from the atomic line 
intensity ratio is also shown in Table 1. As the 
wavelength of the red laser is near the threshold for 
two-photon ionization， a lower electron temperature 
is obtained. However， the electron temperature 
observed using the green laser is not only higher but 
is roughly equal to the energy that expected for two-
photon ionization (i.e. the Cs ionization potential 
being subtracted from twice the photon energy). 
e 4.Conclusion 
A dense Cs metal vapour was irradiated by a dye 
laser with the maximum power of 500 KW and the 
half width of 20 ns， and the ionization mechanism of 
th巴 laser-induceddense Cs plasma has been investi手
gated 
For the high Cs d巴nsitywith on resonance illumina-
tion， the initial production of seed electrons is 
presumably due to that the CS2 absorbs the laser 
photon and is excited to a repulsive CS2本 statewhich 
dissociates and produces Cs (6P) atom. The Cs (6P) 
atom absorbs the further laser photon and is hence 
excited to the 9S state. The Cs (9S) atoms are then 
quickly ionized by electron collisions. The initial 
electron may be supplied by a two-photon ionization 
b巴causethe time necessary to produce one巴lectronby' 
two-photon ionization is within 10-21 s. Electrons 
produced from the CS2 collide with Cs (6S) atom and 
excite to the 6P state. These Cs (6P) atoms are 
quickly巴xcitedto the 9S state and ionized. We did 
not identify the ionization process from the 9S 
excited state. But the process producing the 6P 
excited atom is the most important ones in the 
ionization mechanism of these plasma. The 6P 
excited atom plays a dominant role in our plasma as 
th巴transportphenomena in other Cs plasmall) 
At the low Cs density， the electron does not have 
enough time to produce a number of the Cs (6P) 
atoms. Then th巴 two-photonionization seems to be 
the main ionization route. But there remains a 
slgm自cantdiscrepancy between the theoretical and 
experimental values 
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